Background. Models used in cost-effectiveness analysis (CEA) of screening programs may include 1 or many birth cohorts of patients. As many screening programs involve multiple screens over many years for each birth cohort, the actual implementation of screening often involves multiple concurrent recipient cohorts. Consequently, some advocate modeling all recipient cohorts rather than 1 birth cohort, arguing it more accurately represents actual implementation. However, reporting the cost-effectiveness estimates for multiple cohorts on aggregate rather than per cohort will fail to account for any heterogeneity in costeffectiveness between cohorts. Such heterogeneity may be policy relevant where there is considerable variation in cost-effectiveness between cohorts, as in the case of cancer screening programs with multiple concurrent recipient birth cohorts, each at different stages of screening at any one point in time. Objective. The purpose of this study is to illustrate the potential disadvantages of aggregating cost-effectiveness estimates over multiple cohorts, without first considering the disaggregate estimates. Analysis. We estimate the cost-effectiveness of 2 alternative cervical screening tests in a multicohort model and compare the aggregated and per-cohort estimates. We find instances in which the policy choices suggested by the aggregate and per-cohort results differ. We use this example to illustrate a series of potential disadvantages of aggregating CEA estimates over cohorts. Conclusions. Recent recommendations that CEAs should consider the cost-effectiveness of more than just a single cohort appear justified, but the aggregation of estimates across multiple cohorts into a single estimate does not.
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Despite awareness of the relevance of cohort heterogeneity, the understanding of its implications for CEA model structure are evidently still incomplete in the particular case of CEAs of screening interventions. Screening CEAs conventionally model only a single birth cohort of screen recipients. 2 However, because screening programs typically last many years, introducing or changing a screening program affects multiple birth cohorts simultaneously, and cost-effectiveness may vary between these cohorts. Consequently, some screening CEAs feature all recipient cohorts and report cost-effectiveness on aggregate over all cohorts [3] [4] [5] [6] [7] ; indeed, this has been explicitly advocated as more representative of actual implementation. 2 However, modeling all screened cohorts together and reporting cost-effectiveness on aggregate will fail to account for any cohort heterogeneity and does not facilitate separate decisions for specific cohorts. The purpose of this study is to illustrate the potential disadvantages of aggregating costeffectiveness estimates over multiple cohorts, without first considering the disaggregate estimates. This study is intended to inform both guidance on appropriate model structures and the correct interpretation of results from multiple cohort models.
This study uses the specific context of screening to address the question of aggregation across cohorts for 2 reasons. First, the existing screening CEAs that model multiple cohorts and report cost-effectiveness on aggregate show that this approach is used in current practice. Second, the methodological research advocating this approach was motivated by the fact that screening typically involves multiple concurrent recipient birth cohorts. 2 Although our study most immediately applies to screening, the questions around aggregation apply more broadly to any example where cost-effectiveness varies between patient groups.
This article is structured as follows. The following section provides the background to this study, giving an overview of different model structures and terminology and briefly reviewing how cohort heterogeneity has been addressed in the literature. The Analysis section describes the methods and results of a CEA of cervical cancer screening and explains 4 potential problems of aggregating cost-effectiveness estimates, using the cervical screening CEA as an example. The discussion considers the implications of these issues for decision making and the potential tradeoffs between single-and multiple-cohort modeling.
BACKGROUND

Model Types and Terminology
Cohorts can be defined either as groups starting an intervention at a common point in time or of a common birth year. The birth year definition is appropriate in the case of screening, as screening eligibility is typically determined by age and because the costeffectiveness of screening can vary with age. We categorize cohorts by adapting the terminology used by Hoyle and Anderson of prevalent and incident cohorts. 8 The terms do not correspond to any disease state in this context but to screening eligibility. The single birth cohort starting screening at the program start age in the current period is the current incident cohort, cohorts already within the screening age range when a program is introduced or changed are the prevalent cohorts, and cohorts currently younger than the program start age are the future incident cohorts. Note that there can be many prevalent and future incident cohorts, each of different birth years. We collectively describe the prevalent cohorts and the current incident cohort as the current cohorts, whereas the future incident cohorts are simply described as the future cohorts.
Cost-effectiveness may vary between prevalent cohorts at any point in time because of differences in age and screening histories. Consequently, even if unit costs and treatment effectiveness are constant over time, screening interventions can lead to cohort heterogeneity in cost-effectiveness. The birth-year cohorts in this analysis are mutually exclusive; however, the cohort groups used in published CEAs are not always mutually exclusive.
Cohort Heterogeneity in the Literature
Single-cohort models are widely used in CEA. [8] [9] [10] They model the costs and effects of an intervention for 1 cohort of patients. In the case of CEAs of screening, this cohort is typically a single birth-year cohort. [11] [12] [13] [14] Some CEAs models multiple cohorts. The most widely recognized rationale for multicohort modeling is in the context of infectious diseases, in which multiple cohorts are necessary to simulate herd immunity. 15, 16 However, the rationale considered in this study is the need to capture cohort heterogeneity. A single-cohort model is sufficient if that cohort's cost-effectiveness is representative of all recipient cohorts. Conversely, if cost-effectiveness is anticipated to vary significantly between cohorts, then a multicohort model will be more appropriate. 8, 17, 18 The literature addressing the cohort heterogeneity rationale for multicohort modeling is sparse. However, 2 previously published articles in this journal have directly addressed the topic and advocate multicohort models as more representative of the actual health care implementation. 2, 8 Dewilde and Anderson presented a CEA of cervical screening, showing its average cost-effectiveness ratio (ACER) to be considerably higher when prevalent cohorts are considered in addition to the incident cohort alone. 2 More recently, Hoyle and Anderson recognized that if cost-effectiveness varies between prevalent and incident cohorts, then the number of future incident cohorts modeled will influence the aggregate cost-effectiveness estimate. 8 They also considered the possibility that cost-effectiveness may vary between incident cohorts. Consequently, they recommend CEAs include all current and all future cohorts and report a ''combined cohorts ICER.'' However, an accompanying editorial by Kuntz and others 19 questioned whether it is appropriate to aggregate results over multiple cohorts. Similarly, Karnon and others 18 noted that Dewilde and Anderson's multicohort approach can be used to account for the effect of cohort heterogeneity on aggregate cost-effectiveness but suggested separate per-cohort analyses be used where interventions can be applied differently to separate cohorts. Karnon and others' own analysis considered the influence of allowing incident cohorts to enter a CEA over time but primarily addressed the question as to how time horizons for the assessment of effects should be adapted to accommodate future incident cohorts, rather than questions of aggregation over cohorts.
Examples of multiple cohort models from the screening literature include models featuring the current cohorts only, 3, 4, 7 whereas others also model future incident cohorts. 5, 6 Notably, cost-effectiveness is reported on aggregate over all cohorts in all these examples.
ANALYSIS
Methods
We present a CEA of 2 alternative cervical cancer screening tests as an illustrative example of the consequences of aggregating cost-effectiveness estimates over cohorts. We use the MISCAN-cervix microsimulation model developed by the Department of Public Health at Erasmus MC, the Netherlands. The model simulates the individual life histories of women from birth until death. The model generates ageand time-specific cancer incidence and mortality estimates. Alternative screening scenarios can be simulated in the model, whereby screening may detect disease in the preclinical phase, permitting early treatment to prevent further disease development and subsequent death from the cancer. Quality-of-life weights are applied to the different health states to estimate health effects of screening in terms of quality-adjusted life-years (QALYs). The model and its data sources can be found in previous publications. [20] [21] [22] [23] The model also includes vaccination against human papillomavirus (HPV) types 16 and 18, precursors to cervical cancer. The characteristics of the vaccine are as modeled in a recent CEA of the bivalent vaccine in the Netherlands. 21 The vaccine is administered in 3 doses and is assumed equally effective in all vaccinated cohorts. The vaccine coverage rate simulated is 85%, and there is no selection effect assumed regarding vaccine coverage and the risk of infection. Vaccine efficacy is assumed to be 70% against cancer, 35% against preinvasive lesions, and 1.5% against HPV infections. The protection of the vaccine is assumed to be lifelong in this analysis.
We compare 2 screening scenarios. The baseline scenario is the current Dutch cervical screening program of 7 lifetime screens between the ages of 30 and 60 at 5-y intervals, using a primary cytology screen, with cytology triage for abnormal primary smears. The alternative scenario is a change in 2012 to screening with a primary HPV DNA test, followed by 3 cytology triage tests for abnormal primary screen results. The screening age range and frequency remain unchanged.
The model simulates 46 separate birth-year cohorts. The size of each cohort is matched to the number of female live births in each respective birth year in the Netherlands. The current incident cohort starting screening in 2012 is aged 30. There are 30 prevalent birth cohorts aged 31 to 60 y in 2012. Those in the prevalent cohorts will have already experienced at least 1 screening round prior to 2012 using the current test. The 15 future incident cohorts that have not yet started screening are aged between 29 and 15 y in 2012. Vaccination against HPV types 16 and 18 was introduced in the Netherlands in 2009 for girls aged 12 y with catch-up for those aged up to and including 16 y. Consequently, the youngest 4 future incident cohorts in the model have been offered vaccination.
All costs and health effects due to the screening program are included in the model from 2012 until death for each cohort. Costs and effects are discounted at 4% to the discount year of 2012. The costs used are from 2008 and are reported in euro (1 euro = 1.45 US dollars; 6 July 2011). We assume the unit costs of screening, follow-up, and avoided treatment remain constant over time. The parameters determining health gain from the early detection of cancer and precancerous lesions are also assumed constant over time. Age-specific disease incidence is also assumed to remain the same, except for those vaccinated cohorts, in which disease incidence falls in accordance with the vaccine's expected effectiveness.
The costs and effects are estimated both on a disaggregated per-cohort basis and an aggregated basis over multiple cohorts. These results are presented as the ACER of each intervention compared with no screening and the incremental cost-effectiveness ratio (ICER) of switching from the current primary cytology test to the HPV test. Both ACERs and ICERs are reported in terms of euro per QALY.
No direct funding was provided for this project. The first author is supported by the Health Research Board of Ireland and by the US National Cancer Institute under grant U01 CA115953. Neither funding body had a role in the study. Figure 1 shows the ACERs of both tests for each cohort and on aggregate. Figure 2 shows the ICERs for HPV screening relative to cytology screening. Table 1 reports the effects, cost, ACERs, and ICERs for selected cohorts and the multicohort aggregates. The table also reports the proportion of total net costs of screening for the selected cohorts, using the proportion of total costs under primary cytology as an indication of the relative weight of each cohort in the aggregate.
Results
The per-cohort ACERs and ICERs fall into groups of cohorts with common screening histories and vaccination status. For example, in 2012, the 5 oldest prevalent cohorts, -30 to -26, all have only 1 lifetime screening left at age 60, whereas cohorts -25 to -21 have 2 left, 1 at 55 and 1 at 60. The common cost-effectiveness within each group reflects the assumption of constant costs and effects: The small remaining variation between cohorts is a consequence of the stochastic nature of the simulation model.
The per-cohort ACERs show both screening tests to be less cost-effective in vaccinated cohorts relative to unvaccinated incident cohorts and increasingly less cost-effective with age in the prevalent cohorts. HPV testing is more costly and more effective than cytology in every cohort. Cytology is weakly dominated by a combination of HPV testing and no intervention in cohorts -30 to -16, the oldest 15 prevalent cohorts, so no ICERs of HPV testing are reported for them. The per-cohort ICER of HPV relative to primary cytology screening is essentially uniform among the unvaccinated incident cohorts (0 to 11), at approximately e47 700 per QALY. The HPV test is more cost-effective in prevalent cohorts -10 to -1 than in the incident cohorts, being the most cost-effective in the youngest 5 prevalent cohorts with an ICER of e31 800 per QALY. HPV testing is markedly less cost-effective in the vaccinated future cohorts 12 to 15, with ICERs in excess of e500 000 per QALY. The aggregate ICER of HPV testing over the current cohorts is approximately e38 300 per QALY, whereas the aggregate ICER of all cohorts is somewhat higher at e45 400. The results above show how the cost-effectiveness of interventions can vary significantly between cohorts. The markedly high ACERs for both screening methods in the vaccinated cohorts are a consequence of the simulated reduction in disease incidence following vaccination. Similarly, the rising ACERs with age within the prevalent cohorts are attributed to the fact that both disease incidence and the potential life-years that can be gained fall with age. The changing relative cost-effectiveness of the 2 tests is attributed to the fact that although HPV testing is more effective because of higher sensitivity, it can lead to overdetection of transient HPV infections and noncancerous lesions, which are more common in younger women.
Four Problems of Aggregation
Both Dewilde and Anderson 2 and Hoyle and Anderson 8 call attention to the fact that many CEA models do not accurately represent the policy choices they are to inform: Although CEAs typically assess cost-effectiveness for only a single incident cohort, the policy decisions they inform are almost never for that cohort alone but also for other cohorts, both in the present and the future. Consequently, Hoyle and Anderson 8 suggested that CEAs include all present and future recipient cohorts. Given the need to capture cohort heterogeneity, this suggestion appears sensible. However, reporting cost-effectiveness as a single aggregate estimate for all cohorts seems inappropriate for the following reasons: 1) aggregate estimates over many cohorts may hide useful information from decision makers; 2) the choice of which cohorts to include appears logically problematic; 3) aggregate estimates demand significant assumptions about the future, which results in large uncertainty in aggregate estimates; and 4) aggregate modeling prompts broader questions about decision making over multiple periods for health care priority setting. This section explains each of these problems in detail.
Aggregate Results Hide Differences
Reporting an aggregate cost-effectiveness estimate across all recipient cohorts carries an implicit assumption that a common policy decision will be taken for all cohorts. However, different reimbursement decisions can clearly be made for different cohorts in many cases. Where selective reimbursement is possible, decision makers would be better served by cost-effectiveness estimates disaggregated per cohort, allowing them to approve the intervention Figure 1 . Per-cohort and aggregate average cost-effectiveness ratios of cytology and HPV testing compared with no screening. The prevalent cohorts are numbered -30 to -1 starting with the oldest cohort, 0 for the current incident cohort, and from 1 to 15 for the future incident cohorts. The ACERs of cytology and the HPV test are in gray and black, respectively, with dashes for each individual cohort, solid lines for all cohorts on aggregate, and dotted lines for current cohorts on aggregate. for those cohorts identified as cost-effective to treat and withhold it from those who are not.
Our example shows how aggregate results can lead to inappropriate policy choices in terms of costeffectiveness. If the cost-effectiveness threshold was e40 000 per QALY, the aggregate ICER over the current cohorts of e38 300 per QALY would indicate the HPV test is cost-effective. However, according to the per-cohort estimates, HPV screening would not be cost-effective in any incident cohort or the oldest 20 of the 30 prevalent cohorts. Conversely, if the aggregate ICER over all cohorts of e45 400 per QALY was used, then the HPV test would be deemed not cost-effective, but the per-cohort estimates indicate that it would be cost-effective for prevalent cohorts -10 to -1. Similarly, relying on the single incident cohort ICER of e47 700 per QALY would also lead to a rejection of the test for all cohorts.
There are certain cases in which disaggregated percohort estimates are not appropriate. These include interventions in which the selective allocation of the intervention is not possible, such as water fluoridation. Aggregate estimates are also appropriate in cases in which the effects of an intervention are shared across cohorts, such as herd immunity from vaccination. Another consideration is that it may be impractical to offer different interventions to different cohorts, as the costs of tailoring the intervention to each cohort may outweigh the benefits. For example, in the case of screening, offering different screening strategies to different birth cohorts may reduce adherence, possibly leading to a greater health loss than would be gained by optimizing the program for each cohort.
Logical Problems of Including and Excluding Cohorts
A related problem of aggregation is that results depend on which cohorts are modeled. There may be many potential recipient cohorts, but not all may be cost-effective to treat. We included vaccinated women as an example of cohorts in which the HPV test has poor incremental cost-effectiveness. Presumably, these cohorts should be excluded when estimating aggregate cost-effectiveness of HPV primary screening, as they are unlikely to receive that strategy because of its poor cost-effectiveness. However, using cost-effectiveness as an inclusion criterion for cohorts in the model leads to a certain circularity: If only cost-effective cohorts are included in the analysis (assuming at least 1 cost-effective cohort exists), then the intervention will necessarily be cost-effective on aggregate for the selected cohorts.
An analogous problem arises if cost-effectiveness is not an inclusion criterion: If all cohorts have ICERs that are either all above or all below the threshold, then including some or all cohorts will make no difference to the reimbursement decision. However, if some cohorts' ICERs are above the threshold and others' are below it, then an aggregate ICER, which must be either above or below the threshold, will necessarily imply an incorrect decision for some cohorts. Consequently, the aggregate multicohort approach could be interpreted as either not enhancing decision making or necessarily leading to errors.
Requirement of Additional Assumptions and the Impact on Uncertainty
Hoyle and Anderson's recommendation that multicohort models include all present and future recipient cohorts means a CEA would then encompass the entire expected implementation lifetime of an intervention. Modeling all recipient cohorts requires considerable assumptions, especially regarding future cohorts. A common assumption within CEA is that unit costs and health effects remain constant over time. 24 However, as noted above, even with the assumption of constant costs and effects, costeffectiveness can vary between prevalent and incident cohorts; in which case, the number and size of the future incident cohorts modeled will influence aggregate cost-effectiveness estimates.
Although in our example the advent of vaccination means there will be a predictable date by which screening is likely to change, most interventions do not have accurately predictable lifetimes. In a recent study, Hoyle 24 used evidence of the lifetime and volume of pharmaceutical interventions in the past to inform assumptions regarding the implementation of new interventions and adjust the cost-effectiveness estimates accordingly. However, the validity and reliability of past evidence of previous interventions as a predictor for new interventions in the future are certainly dubious. Consequently, the cost-effectiveness estimates of aggregate models may seem arbitrary in part, given their reliance on assumptions regarding highly uncertain future use.
Modeling cost-effectiveness over an intervention's entire implementation lifetime significantly increases the scope for uncertainty of estimates. Such additional uncertainty is unwelcome. Uncertainty in input parameters will grow the further into the future they are projected. Although this uncertainty also applies to disaggregate multicohort models that report costeffectiveness separately for each cohort, it is limited, to a degree, to the cost-effectiveness estimates of future incident cohorts. Given that it will be possible to review the cost-effectiveness evidence for most interventions at a later date and revise the reimbursement decision if necessary, the cost-effectiveness of the current and near-future cohorts is more relevant to the policy choices currently facing decision makers than that of cohorts far in the future. Consequently, modeling an intervention over its entire expected implementation lifetime unnecessarily adds uncertainty to current cost-effectiveness estimates.
Decision Making over Multiple Periods
Cohort heterogeneity arises in our example because of differences in age and screening history at the time of the policy change and vaccination status. Cohort heterogeneity could also occur if costs or effects change over time or if differential discounting of costs and health effects is applied, as is required in Belgium, the Netherlands, and Poland. [25] [26] [27] Hoyle 8 and Hoyle and Anderson 24 use the examples of falling drug prices and differential discounting, respectively, as rationales for modeling interventions' cost-effectiveness over their entire expected lifetimes.
Falling drug prices or the application of differential discounting can lead to inconsistencies between the per-cohort and lifetime analyses of an intervention's cost-effectiveness. For example, a drug may not be cost-effective at its current patent protected price but may be cost-effective if sufficient future cohorts enjoying a lower postpatent price are added to a CEA. 24 Conversely, postpatent price reductions of comparator drugs can lead to interventions becoming not cost-effective when analyses are extended to include future periods. 28 Similarly, as cost-effectiveness improves with the inclusion of more future cohorts under differential discounting, 29 the cost-effectiveness rank order of 2 interventions may switch when compared first on a per-cohort basis and then over their implementation lifetimes, where those lifetimes are unequal. These examples of inconsistencies between the per-cohort and the lifetime perspectives prompt the question as to which is more appropriate, especially as health priority setting is a repeated resource allocation problem reoccurring each year, not a once-off decision over a finite horizon.
DISCUSSION
Determining the most appropriate model structure requires an awareness of both the actual policy question faced by decision makers and any assumptions implicit in the model structure and the presentation of results. Relying on single-cohort models can be interpreted as embodying an assumption that all cohorts will exhibit the same cost-effectiveness as the current incident cohort. However, recommending aggregate reporting of cost-effectiveness estimates over all current and future cohorts could equally be interpreted as implicitly assuming that interventions cannot be selectively reimbursed and that the lifetime of their use is the appropriate basis for comparisons to other interventions. Consequently, rather than estimating cost-effectiveness over all recipients as suggested by Dewilde and Anderson and Hoyle and Anderson, we support Karnon and others' suggestion that results be reported on a disaggregate basis, 18 except where there is a reasonable rationale to report aggregate estimates, as described above. Reporting the results of multicohort models on a per-cohort basis is equivalent to using multiple single-cohort models. However, this is simply a semantic distinction; what matters is the useful reporting of results to decision makers.
If per-cohort and aggregate optimized strategies differ, then the aggregate strategy will be suboptimal, given the assumption that separately specified interventions can be implemented without any additional costs. However, where it is not costless to provide per-cohort optimized strategies, the tradeoff between costs and benefits of per-cohort optimization should be considered.
Providing disaggregated per-cohort estimates may demand more work, as estimates have to be made for each cohort separately. Given that the principal modeling effort is the gathering of parameter estimates and model specification, the additional effort of generating disaggregated estimates should be relatively small. However, a remaining drawback for decision makers is the potential difficulty of interpreting multiple estimates.
CONCLUSION
The recommendations of the current literature on multicohort modeling that CEAs should include not only the current incident cohort but also the current prevalent and future incident cohorts seem sound. However, the aggregation of cost-effectiveness estimates for all cohorts into a single estimate does not appear useful to the actual choices faced by decision makers in most cases. Therefore, we suggest consideration of the cost-effectiveness of more than just a single incident cohort in cases in which costeffectiveness is likely to vary between cohorts, with estimates reported on a disaggregate per-cohort basis in addition to the overall estimate for all cohorts. This applies to CEAs in general but is particularly relevant for analyses of screening.
